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Genomic imprinting is an epigenetic regulation phenomenon common in animals and plants (Feng et al. 2010) . Different from regular genes, which are expressed from both paternal and maternal alleles, imprinted genes are expressed from only one of the two parental alleles in a parent-of-origin-specific manner (Feil and Berger 2007) . The monoallelic expression of most known imprinted genes, localized in clusters, are regulated by DNA methylation of CpG-rich sequences known as imprinting control regions (ICRs) (Williamson et al. 2006 ) that originate from the oocyte or sperm. Thus, protein domains involved in discrimination of methylated versus nonmethylated cytosine in DNA are important in targeting different chromatin-modifying and chromatin remodeling activities to ICRs with or without the modification. Human diseases can result from defects in DNA methylation, including known imprinting-associated disorders (Amor and Halliday 2008; Mackay and Temple 2010; Wilkins and Ubeda 2011) .
The best-known modified DNA recognition domains are those that recognize methylated cytosine in either fully methylated CpG dinucleotides by methyl-binding domains (MBDs) (Dhasarathy and Wade 2008; Guy et al. 2011) or hemimethylated CpG sites-transiently generated during DNA replication-by SET and RING finger-associated (SRA) domains (Hashimoto et al. 2009) . A third class of mammalian proteins that recognize methylated DNA is the C2H2 zinc finger proteins, which preferentially bind to methylated CpG within a specific sequence (Sasai et al. 2010) .
Zinc finger protein Zfp57 is one of a group of genes expressed in very early embryogenesis and down-regulated upon differentiation of embryonic stem cells (Loh et al. 2007 ). Loss of Zfp57 function in the developing mouse zygote causes partial neonatal lethality, whereas eliminating both the maternal and zygotic function of Zfp57 results in embryonic lethality . Zfp57 contributes to the maintenance of both maternally and paternally imprinted loci, and at one locus, Zfp57 is also involved in imprint establishment . ZFP57 on chromosome 6p22 encodes a protein of 516 amino acids in humans and 421 amino acids in mice, including a predicted Krü ppelassociated box (KRAB) followed by seven (in humans) or five (in mice) putative C2H2 zinc fingers ( Fig. 1A ; Supplemental Fig. S1 ). ZFP57 mutations-either deletions or missense mutations-have been found in patients with transient neonatal diabetes ( Fig. 1A ; Mackay et al. 2008 ), suggesting that ZFP57 plays a comparable role in human development. Recently, a fragment of mouse Zfp57 comprising the two highly conserved and adjacent zinc fingers ZF2 and ZF3 ( Fig. 1A) has been shown to recognize the TGCCGC element (with the underlined CpG methylated) found in all known murine ICRs as well as in several tens of additional loci (Quenneville et al. 2011 ). Here we report the atomic resolution crystal structure of the ZF2-3 fingers of mouse Zfp57 in a complex with the methylated TGCCGC element and present the mechanism of sequence-and methylation-specific recognition of DNA.
Results and Discussion
Overall structure A mouse Zfp57 fragment (residues 137-195) consisting of a tandem array of two fingers ZF2-3 ( Fig. 1B) was used for cocrystallization with a 10-base-pair (bp) oligonucleotide containing the fully methylated CpG within the TGCCGC element, plus a 59-overhanging thymine on the T strand and a 59-overhanging adenine on the A strand ( Fig. 1C,D) . We crystallized the protein-DNA complex in space group C222 1 , containing one complex per crystallographic asymmetric unit, and determined the structure to the resolution of 1.0 Å (Supplemental Table 1 ). The DNA molecules are coaxially stacked, with the overhanging A and T forming a Hoogsteen base pair with neighboring DNA molecules, thus forming a pseudocontinuous duplex (Supplemental Fig. S2A ). The atomic resolution structure, with an overall crystallographic thermal B factor of ;12.3 Å 2 , allowed us to position every atom of the 22 DNA nucleotides, every atom of protein residues of 137-192 (except the side chain of Lys193 and the last two residues at the C terminus), and 257 water molecules. Almost all polar atoms are involved in intermolecular and intramolecular as well as water-mediated interactions.
Each of the two classic C2H2 zinc fingers contain two b strands and one helix, coordinating one zinc ion tetrahedrally via two cysteines from the b strands and two histidines from the helix (Fig.  1B,C) . The zinc fingers bind in the major groove of the DNA, which shows an ordered B-DNA conformation (Supplemental Table 2 ). Although there is no specific protein interaction in the DNA minor groove, a monolayer of ordered solvent sites (modeled as water molecules) is clearly visible (Fig. 1E ). Each zinc finger recognizes 3 bp, with ZF2 interacting with the 59 half (TGC) and ZF3 interacting with the 39 half (CGC) of the TGCCGC element (Fig. 1C,D) . The protein makes phosphate contacts spanning 9 bp, with each zinc finger making conserved contacts with the two phosphates immediately 59 to its respective 3-bp recognition sequence ( Fig. 1D ). Arg138, Lys147, and His158 of ZF2 interact with the two phosphates 59 to guanine 6 (G6), while the corresponding Arg166, Lys175, and His186 of ZF3 interact with the two phosphates 59 to the G9 on the A strand ( Fig. 1D ).
DNA base-specific recognition in crystal
All 6 bp of the recognition sequence TGCCGC (base pairs 4-9 in Fig. 1D ) have direct interactions with Zfp57 residues. The O4 atom of thymine 4 (T4) is 2.98 Å away from the C b atom of Ser153, forming a C=O. .H-C type of hydrogen bond, while the exocyclic amino group N6 (NH 2 ) of adenine 4 (A4) forms a water-mediated hydrogen bond with Asp151 ( Fig. 2A ). Direct interaction with the carbonyl oxygen O4 atom of thymine distinguishes it from that of the N4 amino group of cytosine. Mutation of the T:A base pair to C:G resulted in loss of binding affinity by a factor of ;110 (Fig. 3A) .
The next 5 bp are all G:C pairs. Three out of five guanines (G5, G7, and G9) make bifurcated hydrogen-bonding interactions (via the O6 and N7 atoms) with Arg157, Arg178, and Arg185, respectively ( Fig. 2B ,D,F). Arg157 also makes a direct hydrogen bond to the O6 atom of G6 ( Fig. 2C) , while Arg185 makes a water-mediated interaction with the O6 atom of G8 ( Fig. 2E ). Direct interactions with the O6 atom of guanine distinguish it from that of the N6 atom of adenine. Mutating each base pair to A:T at positions 4, 5, 6, and 9 (outside of the CpG dinucleotide) resulted in loss of binding (Quenneville et al. 2011) .
The N4 atom of cytosine 5 (C5) forms a direct hydrogen bond with the side chain hydroxyl oxygen of Ser153 ( Fig. 2B ), while the two other unmodified cytosine residues (C6 and C9) are involved in water-mediated interactions (Fig.  2C ,F). The two 5-methylcytosines (5mCs; C7 and C8) exhibit very different patterns of interactions. A layer of ordered water molecules encloses the methyl group of 5mC at position 7 (Fig. 2G ). The methyl group of 5mC at position 8 has van der Waals contacts with the guanidino group of Arg178 and the carboxyl group of Glu182 ( Fig. 2H ), while one of its carboxylate oxygen atoms interacts with the N4 atom of the same 5mC residue ( Fig. 2E ). The residues involved in the base-specific interactions are invariant between mouse and human Zfp57 Fig. S1 ). In addition, the corresponding ZF1 in the mouse protein has a point mutation in one of the histidine zinc ligands. The human mutations are listed above the sequence (Mackay et al. 2008 ). (B) The sequence of DNA-binding domain (ZF2-3) of mouse Zfp57 and the secondary structure are shown. (Arrows) b strands; (ribbons) a helices. The positions highlighted are responsible for Zn ligand binding and DNA base-specific interactions, and the circles with a ''P'' are amino acids that interact with the DNA phosphate backbone. The red circles indicate the phosphates contacted by the conserved residues at the corresponding positions between ZF2 and ZF3, and the gray circles indicate the contact specific for each zinc finger. (C) The zinc fingers bind in the major groove of DNA with ZF2 (green) and ZF3 (orange). (D) Summary of the Zfp57-DNA interactions. The T strand (in magenta) is the strand containing the 59 T of TGCCGC, and the A strand (in blue) is the strand containing the 39 A of the opposite strand. ZF2 residues are labeled in green, and ZF3 residues are labeled in orange. Yellow boxes represent 5mC. Filled square boxes indicate the conserved phosphate interactions by residues at the corresponding positions between ZF2 and ZF3. Filled circles indicate that the phosphate groups have alternative conformations (Supplemental Fig. S2A ). Large numbers of water (w)-mediated hydrogen bonds are not shown. (E) A stream of water molecules occupies the DNA minor groove. proteins (Supplemental Fig. S1 ) and are located, from each zinc finger, in the N-terminal portion of the helix and the preceding loop (Supplemental Fig. S2B ).
Sequence and methyl-specific binding in solution
To explore the effect of DNA methylation and sequence variation on Zfp57 binding, we measured the dissociation constants (K D ) between ZF2-3 fingers and double-stranded oligonucleotides containing a single CpG dinucleotide using fluorescence polarization analysis. ZF2-3 fingers bind the fully methylated TGCCGC sequence (M/M) with a K D of 8 nM (Fig. 3B) . Deleting the methyl group on the T strand (C/M) increased the K D to 16 nM (a twofold weaker binding), whereas deleting the methyl group on the A strand weakened the binding by a factor of 10 with a K D of 80 nM (Fig. 3B) . This difference in the contribution of the two strandspecific methylations to the binding affinity fits perfectly well with the asymmetric interactions observed in the crystal structure: 5mC at position 7 of the T strand interacts with a layer of ordered water molecules (Fig. 2G) , and 5mC at position 8 of the A strand is directly involved in hydrophobic interactions (Fig. 2H) . The reduction of binding affinity to the unmodified TGCCGC sequence (C/C) is the accumulative effect of removing both methyl groups (;20-fold). Mutating 59 TGC to ATG abolished the binding of ZF2-3, regardless of the methylation status of the 39 CpG site (Fig. 3B ). Together with Figure 3A , these data indicate that the interaction between ZF2-3 and the DNA depends on both the specific sequence and the methylation state of TGCCGC element.
Mammalian Tet (ten eleven translocation) proteins convert 5mC to 5-hydroxymethylcytosine (5hmC) (Tahiliani et al. 2009 ), which can be further oxidized by Tet proteins to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) Ito et al. 2011) . 5hmC is a constituent of nuclear DNA, present in many tissues and cell types (Globisch et al. 2010) but relatively enriched in embryonic stem cells (Tahiliani et al. 2009; Booth et al. 2012; Yu et al. 2012) and Purkinje neurons (Kriaucionis and Heintz 2009) . The effects of human ZFP57 and mouse Zfp57 on DNA methylation of ICRs were analyzed by bisulfite sequencing Mackay et al. 2008; Quenneville et al. 2011) . Unfortunately, this method cannot discriminate 5mC from 5hmC (Huang et al. 2010; Jin et al. 2010) or 5caC from normal cytosine . We thus examined the effects of 5mC oxidation on DNA binding by ZF2-3. Because the methylation on the A strand is more important in binding, we replaced 5mC at position 8 with three different oxidation states. Each hydroxylation event from M/M to M/5hmC to M/5fC to M/5caC resulted in weaker binding (by a factor of 7, 2, and 11, respectively) ( Fig. 3C) . These results indicate that the effect of 5hmC on binding is similar to that of A-strand demethylation, the effect of 5fC is similar to loss of methyl groups on both strands, and the effect of 5caC is similar to nonspecific binding.
Mutations in human ZFP57 have been found in patients of transient neonatal diabetes, causing hypomethylation at multiple imprinted loci (Mackay et al. 2008) . Two missense mutations occur in the region of human ZFP57, corresponding to the ZF2-3 of mouse Zfp57 (Fig. 1A) . Because the sequences in this region are highly conserved between humans and mice ( Fig. 3D) , we examined the effects of these mutations. The R228H mutation in human ZFP57 corresponds to R157H in mouse Zfp57, which abolished ZF2-3 binding of DNA (Fig. 3E) , probably due to the disruption of the interactions between Arg157 and G5 and possibly G6 (Fig. 2B,C) . H257N in human ZFP57 corresponds to H186N in the mouse protein. His186 is one of the four zinc ligands in ZF3 (Fig. 3F ) and the H186N mutant decreased DNA binding by a factor of at least 5000 ( Fig. 3G) . Interestingly, adding exogenous Zn 2+ rescued the binding of methylated DNA by the H186N mutant considerably (K D of 180 nM) ( Fig. 3G) , to the level of wild-type protein binding of the unmodified TGCCGC element (K D of 150 nM) ( Fig. 3B) . Apparently, the additional zinc ions allowed the mutant protein to bind and be stabilized. The weakened DNA binding by the mutants might provide an opportunity for other enzymes (such as Tet proteins, APOBEC deaminases, and DNA repair enzymes TDG and MBD4) to compete and further modify 5mC, resulting in the hypomethylation phenomenon associated with human mutations (Mackay et al. 2008) .
We also made conservative substitutions for the residues (R178K and E182Q) surrounding the methyl group of 5mC at position 8 of the A strand (Fig. 2H ). The R178K mutant abolished DNA binding to the same degree as that of R157H (Fig. 3, cf. H and E) . Both arginines are involved in the base-specific interactions with G5 (Arg157) and G7 (Arg178), respectively (Fig. 2B,D) . However, while R178K is insensitive to the states of DNA methylation, R157H retains discriminative, albeit much less so, of fully, hemimethylated, and nonmethylated sequences (Fig. 3, cf. H and E), suggesting that Arg178 is a fundamental element for methyl group recognition.
As expected, E182Q had no effect on methylated DNA binding (Fig. 3I ) because the mutant could maintain the same interactions with the 5mC at position 8 ( Fig. 2E) . Similarly, E182L (which might preserve the hydrophobic interaction with the methyl group) and E182A have a minimal effect on methylated DNA binding (decreasing the binding by a factor of 1.5), suggesting that the side chain of Glu182 is dispensable for methyl group recognition. Unexpectedly, E182Q and E182L have enhanced binding affinity to unmodified DNA (C/C) by a factor of 4 and 2, respectively, in comparison with that of the wild-type protein (Fig. 3I ). More dramatically, the E182A mutant binds the unmodified and methylated DNA equally well. Apparently, the side chain of Glu182 (the size and the charge) negatively impacts the binding of unmodified C8. We note that the residue corresponding to Glu182 is Gly154 in ZF2 (Supplemental Fig. S2B) , which is near the unmodified C5 (Fig. 2I ).
Zfp57 and MBD proteins share a common mode of 5mC recognition
Two other protein domains-namely, SET and RINGassociated (SRA) domain (Arita et al. 2008; Avvakumov et al. 2008; Hashimoto et al. 2008; Rajakumara et al. 2011) and MBD (Ohki et al. 2001; Ho et al. 2008; Scarsdale et al. 2011 )-have been structurally characterized in their recognition of 5mC. The mammalian SRA domain flips the 5mC of a hemimethylated CpG into a binding cage with the methyl group in hydrophobic interactions with the side chains of two tyrosines and one serine (Supplemental Fig.  S3A ). MBDs bind the symmetrical, fully methylated CpG site with two arginines, each interacting with one guanine in a bifurcated hydrogen-bonding pattern (Supplemental Fig. S3B-D) . Like Arg178 of Zfp57, the two MBD arginines are also engaged in van der Waals contacts with the methyl group of the neighboring 59 5mC of the same strand (namely, a 5mC-Arg-G interaction). Unlike Zfp57, which uses one 5mC-Arg-G to interact with the fully methylated DNA within a nonpalindromic recognition sequence in an asymmetric way, the MBD uses two pairs of 5mC-Arg-G interactions for the palindromic fully methylated CpG site (Fig. 4A ). In addition, Zfp57 uses a layer of hydration for one of the two methyl groups to increase the binding by a factor of 2, whereas MBD uses a tyrosine-associated watermediated interaction with one of the two methyl groups to further enhance the methyl DNA binding (Fig. 4B ; Ho et al. 2008; Scarsdale et al. 2011) . In the latter case, the hydroxyl oxygen atom of the tyrosine functions as one of the water molecules in a water network surrounding the methyl group. Mutating the corresponding tyrosine to phenylalanine (Y123F) in MeCP2 reduced the affinity for methylated DNA only by a factor of ;1.5 (Ho et al. 2008) , the same effect as we observed for the E182L and E182A mutations in Zfp57 (Fig. 3I) or as lost the methyl-water interaction in the T strand (twofold). In summary, we discovered that Zfp57 and MBD proteins use an evolutionally conserved mechanism (5mC-Arg-G) for recognition of 5mC, despite their unrelated protein sequences and structures.
Unlike MBD proteins, which use a pair of 5mC-Arg-G interactions to recognize the symmetric 5mCpG dinucleotide, Zfp57 binds 5mCpG asymmetrically within an asymmetric 6-bp sequence (with the methylation of the A strand being more important for binding than that of the T strand). Interestingly, the asymmetric recognition has also been observed for the binding of an unmodified CpG by CTCF (Hark et al. 2000; Renda et al. 2007 ). The TGCCGC element is part of the sequence recognized by CTCF at the mouse H19/Igf2 ICR locus (Hark et al. 2000; Quenneville et al. 2011) . The methylated CpG site recognized by Zfp57 corresponds to the single conserved CpG of the five CTCF-binding sites of mouse H19/Igf2 ICRs. CTCF binding was inhibited by T-strand methylation, whereas hemimethylation of the A strand had a minimal effect (Hark et al. 2000; Renda et al. 2007 ). CTCF binding of hemimethylated ICR, transiently generated during semiconservative DNA replication, had been suggested as a possible mechanism for passively demethylating the paternal chromosome in the female germline (Hark et al. 2000) . Intriguingly, both Zfp57 and CTCF are capable of binding a hemimethylated CpG site with the T strand unmodified and the A strand methylated, but with much reduced affinities for the T-strand-methylated and A-strand-unmodified hemimethylated CpG site.
Another possible way to generate an asymmetric modification is via Tet-mediated 5mC oxidation, generating asymmetric hydroxymethylation at CpG sequences (Yu et al. 2012) , with one strand methylated and the opposite strand hydroxymethylated (M/H). Recent analysis revealed that 5hmC is strand-biased toward G-rich sequences (Stroud et al. 2011; Yu et al. 2012) . The functional significance of asymmetric hydroxymethylation at the CpG site within an asymmetric sequence recognized by Zfp57 (as well as CTCF) has yet to be studied.
Despite tremendous advances in understanding the molecular machinery of DNA methylation, we do not have an adequate explanation for why specific sequences at ICRs and other targeted loci become methylated or demethylated via either an enzyme-catalyzed active pathway or a DNA replication-dependent passive process ). Thus, the discovery of Zfp57 recognition of the TGCCGC element, which is present at all known murine and some human ICRs (Supplemental Material) and CpG islands (Quenneville et al. 2011 ), provided the first example of sequence-specific as well as methylation status recognition. We further analyzed quantitatively the 15 experimentally determined ICRs in mouse embryos (Kobayashi et al. 2006 ) and the corresponding regions in sperm and oocytes (Tomizawa et al. 2011) . We found that the frequencies of occurrence of the TGCCGC element in the embryonic ICRs (;1.65 3 10 À3 ), the gametic ICRs (;1.57 3 10 À3 ), and CpG islands (;1.29 3 10 À3 ) are >20-fold higher in comparison with that of the whole genome (0.06 3 10 À3 ) (Supplemental Table 3 ). Our atomic model of Zfp57 recognition of the TGCCGC element defines one of the initial steps along the Zfp57-mediated molecular mechanism in the maintenance of DNA methylation within a specific sequence. 
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